This paper describes the use of a modified x,y-plotter to generate hydrophilic channels by printing a solution of hydrophobic polymer (pol(dimethylsiloxane; PDMS) dissolved in hexanes onto filter paper. The PDMS penetrates the depth of the paper and forms a hydrophobic wall that aqueous solutions cannot cross. The minimum size of printed features is ∼1 mm; this resolution is adequate for the rapid prototyping of hand-held, visually read, diagnostic assays (and other microfluidic systems) based on paper. After curing the printed PDMS, the paper-based devices can be bent or folded to generate three-dimensional systems of channels. Capillary action pulls aqueous samples into the paper channels. Colorimetric assays for the presence of glucose and protein are demonstrated in the printed devices; spots of Bromothymol Blue distinguished samples with slightly basic pH (8.0) from samples with slightly acidic pH (6.5). The work also describes using printed devices that can be loaded using multipipets and printed flexible, foldable channels in paper over areas larger than 100 cm 2 .
This paper describes the use of a modified desktop plotter to fabricate simple patterns of hydrophilic microchannels in paper. We defined the boundaries of the microchannels by printing a solution of poly(dimethylsiloxane) (PDMS) in hexanes onto filter paper, using an x,y-plotter as a print engine. Because PDMS is an elastomer, the paper could be bent and folded, without destroying the integrity of the channels. The channels have a minimum width of 1 mm, and the minimum spacing between two channels can be as small as 1 mm. These dimensions are large relative to those normally encountered in microfluidic systems, but they are the right size for the basic analytical and diagnostic devices that are our primary objectives, since readout of these devices will often involve visual observations of unmagnified spots of analytes. 1 We believe that this low-cost system for printing hydrophobic polymers and other materials on paper will be useful for prototyping simple paper-based diagnostics assays.
A variety of simple diagnostic tests (for example, "dip stick" tests) rely on paper-based assays. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Some of these tests analyze environmental conditions 16, 17 or detect illness (often in the developing world). [18] [19] [20] We have recently patterned paper into hydrophilic regions demarcated by hydrophobic walls using photolithography and conventional photoresists (SU-8; and poly-(methyl methacrylate) (PMMA). 1 The hydrophilic regions act as microfluidic channels, in which capillary action wicks aqueous samples into the device. This design provides the basis for diagnostic systems in paper that are more complex than the simplest dip stick assays (in the sense that multiple assays can be performed on a small array with ∼5-20 µL of blood, urine, or other fluid), but simpler and more affordable than highertechnology microfluidic assays. [20] [21] [22] [23] An advantage of using PDMS to pattern the paper rather than SU-8 or PMMA is that PDMS is an elastomer. Since PDMS in paper is significantly more flexible than is photoresist in paper, a paper device printed with PDMS can be folded without destroying the channel. Performing assays with creased systems of channels in paper allows parallel processing of samples with small volumes without requiring micropipets or other tools to control the volume of the sample. We demonstrate one such device, which we call a "dip star" assay, and which allows up to eight different colorimetric assays on a single sample having a volume between 5 and 20 µL. This report describes a system for patterning channels on hydrophilic paper by using hydrophobic polymers to form the boundaries. Although this method still requires computer-aided design, and uses some reagents that are not readily available worldwide, it eliminates the need for a cleanroom and most expensive materials (including proprietary software) required for photolithography. 24 By lowering the cost of design and prototyping, we intend this method to allow investigators without access to photolithographic equipment to explore paper-based microfluidics and diagnostics.
EXPERIMENTAL SECTION
Equipment and Materials. We used a desktop plotter (Hewlett-Packard 7550A) to pattern filter paper with a modified pen filled with an "ink" of PDMS diluted 3:1 (w/w) in hexanes. The plotter has several advantages over desktop printers: (i) The plotter can print on sheets of newsprint, (Whatman) filter paper, nitrocellulose, or many different materials. The area of the printed sheets can vary from <10 cm 2 to over 500 cm 2 . (ii) The plotter does not fold or bend the sheets during the printing process; for this reason, the plotter is compatible with inks that do not dry immediately (e.g., PDMS, other polymers, or suspensions of particles). (iii) The plotter does not require proprietary software and is available used for less than $US 50. The plotter can print on substrates attached to normal printer paper or on substrates attached to a continuous feed. (iv) Instead of tamper-resistant printer cartridges, the plotter uses a series of up to eight pens, which are felt-tipped in normal printing, but which we modified to print the PDMS/hexanes solution. This design allows the plotter to use and choose among multiple types of ink during printing and gives valuable versatility to the method. The shape of the pens ensures that the plotter recognizes each and uses it properly.
Preparing the Plotter. The plotter prints by holding a sheet of paper flat while a mechanical arm moves a pen over the paper. A separate motor moves the paper along an axis perpendicular to the motion of the mechanical arm. Since the mechanical arm recognizes the pens by their shape, we used replica molding of the original pens to fabricate alternative pens to hold the PDMS "ink" (Figure 1 ). We first generated PDMS casts of the original plotter pens ( Figure 1A ). We then removed the tapered tip of a glass pipet (5.5-mm inner diameter; 7.0-mm outer diameter) and placed the pipet at the center of each cast. We filled the remaining volume of the cast with polyurethane (NOA 61, Norland Optical Adhesives) or with PDMS, to form the body of the replacement pen. After curing under ultraviolet light, the polyurethane formed the body of the pen, while the pipet served as a reservoir.
We used a blunted 18-or 20-guage needle as the tip of the pen. A small amount of cured PDMS held the needle in place at the end of the pipet. The needle functions as the tip of the replacement pen, in analogy to the felt tip of the original pen; the width of the needle controlled the amount of PDMS/hexanes solution dispensed by the pen and, therefore, determined the width of the printed lines. The new pen fit in the mechanical arm of the plotter. We filled the pen with 3:1 PDMS/hexanes; the viscosity of this solution was approximately that of light syrup.
Defining Hydrophilic Channels in Paper. Previous work revealed that several hydrophobic polymerssincluding SU-8 photoresist (Microchem), photocurable polyurethanes (Norland Optical Adhesives), and PDMSscan fully penetrate paper; after these polymers cured, an aqueous solution could only wet the hydrophilic areas in the paper, and no liquid wicked through the polymer "wall" that defined the channels. 1 We used PDMS for printing in paper because a method based on the use of PDMS enables the use of commodity equipment without the need for a cleanroom and because PDMS is so inexpensive. PDMS costs ∼1/2 the price of polyurethane ($0.07/g vs $0.15/g) and costs 1/15 the price of SU-8 photoresist per gram ($0.07/g vs $1/g). PDMS cures after 1 h at 70°C and does not require ultraviolet light to cross-link, as photoresist does. Printing requires less polymer to pattern a given area than does photolithography, because no development step is required to remove excess, unexposed photoresist. We patterned paper with other liquids (e.g., Teflon AF) and with less expensive materials (solutions of polystyrene, polypropylene, or polyisobutylene; see Supporting Information) We favored printing with solutions of PDMS because (i) PDMS is a familiar material to investigators who work with microchannels, (ii) the replica molding to create the replacement pens required PDMS, and (iii) PDMS, when cured, is an elastomer, and allows us to explore manipulation of the paper device by bending and folding. Less expensive alternatives to PDMS (e.g., low molecular weight polypropylene, polystyrene, and polyisobutylene) may be preferable for specific applications. We estimate the price of the PDMS used as ink to pattern 100 cm 2 of filter paper to be $0.01 to $0.02; an additional 5-10 g of PDMS is needed to make the pens. Other advantages of PDMS are that it is transparent, readily available, nontoxic, odorless, and easily diluted in hexanes or other organic solvents. 25 Biochemical Assays in Printed Channels. In an analogy to microfluidic systems in PDMS or glass, we designed a paper-based assay in which a sample enters an inlet channel before splitting into five equally sized channels leading to test zones. The inlet channel was open, meaning that no printed PDMS defined its edge; dipping the inlet into a liquid sample loaded the device (Figure 2) . The five test channels were closed and contained chemical indicators for three basic colorimetric assays: determining the pH of samples near pH 7 (∼1 µL of 1 mM Bromothymol Blue in water, dried for 1 h under ambient conditions), quantifying the concentration of glucose (1 µL of 0.6 M potassium iodide in water and 1 µL of 15 units/mL 1:5 horseradish peroxidase/glucose oxidase, dried for 1 h under ambient conditions), and quantifying the concentration of proteins (1 µL 250 mM citrate buffer at pH 1.8 and 0.5 µL of 3.3 tetrabromophenol blue in 95% ethanol, dried for 1 h under ambient conditions). 1 Supporting Information shows the colorimetric quantification of concentrations of glucose and protein in samples.
To take advantage of the mechanical flexibility of paper patterned with PDMS (and, we presume, with other elastomers), we designed a new type of assayswhich we call the "dip star" assay ( Figure 3 )swith which we can perform more assays in parallel on a single sample than can the design described in Figure  2 . The dip star assay is also easier to load with a liquid sample and requires less polymer to define the channels than devices based on photoresist and a clover-leaf pattern. 1 This device lacks an input channel; instead, the entire system is a closed asterisk shape. Folding the device in half twice yields a smaller square device, one corner of which was formerly the center of the asterisk. Dipping this corner into a liquid sample is therefore equivalent to dropping a volume of sample in the center of the unfolded device, but dipping requires no pipet or measuring device and minimizes contact between the user and the sample. This device allowed up to eight assays instead of five with a small volume of sample, because the design required no space for an inlet channel.
RESULTS AND DISCUSSION
Printing with "Ink" of PDMS in Hexanes. There were two major challenges to defining hydrophilic channels in paper by printing a hydrophobic polymer: first, the polymer must wet and penetrate the entire depth of the paper, so that a complete hydrophobic barrier forms to define the channels; second, the polymer must flow rapidly enough through the needle that makes up the distribution element in the pen (Figure 1 ) to serve as an "ink" in the automated printing device.
We determined the appropriate viscosity of the mixture of PDMS and hexanes for printing empirically by varying their proportions. We loaded the plotter with samples of various kinds of paper taped to normal printer paper and filled the replacement pen with mixtures of various proportions of PDMS and hexanes (see Supporting Information for the details of printing). The most consistent results occurred with PDMS/hexanes mixed in a 3:1 (w/w) ratio. Mixtures up to 4:1 PDMS/hexane also yielded sharp lines, but results were less consistent than with more dilute mixtures. Solutions with higher viscosity (i.e., with greater than 80% PDMS by weight) did not penetrate the paper; solutions with less than ∼67% PDMS by weight led to ragged lines.
PDMS penetrated several kinds of paper completely; the types of paper included normal printer paper, filter paper, paper towels, and newsprint. After 1 h at 70°C, the PDMS cured to form a solid barrier across the complete thickness of the paper. Channels defined in filter paper wicked aqueous samples greater distances than did channels in other kinds of paper. Some broadening of features did occur while the printed polymer cured. The smallest resolved features in the paper were less than 1 mm wide ( Figure  2A ). For use in assays, we found that 2-4-mm-wide channels were easy to fabricate and use. In these channels, 20 µL of an aqueous sample traveled over 1 cm to a five-way junction and then split into five equal streams that each traveled at least 1 cm farther ( Figure 2B ).
To demonstrate the ability to print channels with a variety of designs over an area of ∼100 cm 2 , we filled an area with the dip star design ( Figure 5A ), and we printed a paper-based microfluidic device that can be loaded in parallel with six samples of 300 µL with a multipipet ( Figure 5B) .
Assays for Protein, Glucose, and pH. We used hydrophilic channels in paper defined by printing PDMS to make a simple parallel assay for glucose and protein ( Figure 2C ). These assays are well-known colorimetric assays that are used to detect excess of protein or glucose in urine. We applied ∼1 µL of the reagents at the end of each channel, let the solutions evaporate, and then pipetted 20 µL of a solution of BSA and glucose at the inlet. We observed changes in color as soon as the solution reached the reagent the end of the channel. To analyze the pH of samples, we spotted the patterned filter paper with 1 µL of a 1 mM aqueous solution of Bromothymol Blue (Sigma). In acidic conditions, Bromothymol blue becomes yellow, and in basic conditions, it becomes blue. This indicator allowed us to distinguish among buffered samples near physiological values of pH, including slightly acidic pH (∼6.5), neutral pH (∼7), and slightly basic pH (∼8).
We demonstrated all assays both in channels with the cloverleaf design (Figure 2 ) and the dip star (Figure 4) . We did not observe any cross-contaminations between the different channels using these designs. Variation in the intensity of the colors produced by the assays for glucose and BSA allows a quantitative assay for these compounds ( Supporting Information, Figure 7) . The intensity of the color of some types of ink faded noticeably as the liquid wicked down the channels, although the solvent reached the end of the channels ( Figure 5A) ; we expect future work to exploit this effect, which we attribute to the chromatographic properties of the paper matrix. 26 
CONCLUSIONS
Several properties make paper a potentially valuable material as a medium for storage of reagents or as a platform for diagnostic assays: paper is inexpensive, light, biodegradable, familiar, and easy to modify chemically. 25, 27 This report demonstrates a fast, automated, highly reproducible technique for fabricating hydrophilic channels in paper over an area larger than 100 cm 2 ( Figure  5 ). The resolution of the printing is adequate for hand-held test devices that are designed to be read by eye.
In principle, this method would also allow the use of many other "inks" in the plotter. We have used PDMS here because its solid-vapor interfacial free energy is low 28 (γ ) 21 erg/cm 2 ) and allows it to wet the entire depth of the paper, and because it is flexible mechanically, inexpensive, nontoxic, and readily available. In addition to serving as an inexpensive platform for microfluidics, paper can also hold a crease and therefore can allow the fabrication of devices that would be impractical to create from microchannel systems made from PDMS 29 or glass. 30 By relying on commodity tools and inexpensive materials for patterning, this method allows nearly any research laboratory to fabricate microfluidic systems in paper for diagnostics, assays, analysis, or other purposes. 19, 31 
